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DLC,  Q4.P8,  1928. 

Water,  as  Is  wall  known,  exhibits  an  entire  order  of  highly 
remarkable  physical  anomalies  which  hare  an  important  significance 
for  the  physical  life  of  the  land.  Tnese  peculiarities  ano  ano¬ 
malies,  placing  water  in  a  special  position  among  other  substaa- 
ces,  are  found,  as  will  be  seen  below,  closely  related  to  its 
molecular  structure.  They  depend  on,  first  of  all,  the  variations 
in  this  structure  In  relation  to  the  external  Physical  conditions 
Ctemperature  and  pressure)  and,  secondly,  the  nature  of  its  che¬ 
mical  components  (H,  OH).  This  report  gives  a  brief  summary  of 
n*w  data  concerning  the  structure  of  water  and  related  anomalous 
properties,  and* els©  the  structure  of  crystalline  ica  find  its 

,  ,  r  t 

several  types. 

Of  the  physical  factors  affecting  the  properties  of  water, 
we  shall  first  consider  temperature.  Almost  all  of  the  peculiar¬ 
ities  of  the  physical  properties  of  water  are  connected  with  its 

thermal  condition  and  usually  appear  at  lower  temperatures  (below 
o 

50  C),  whereas  at  higher  temperatures  water  possesses  normal 
properties.  Such  a  change  in  the  properties  of  water,  ao  will  be 
seen  later,  is  directly  related  to  the  changes  in  its  molecular 
oompostlon,  and  with  the  formation  during  cooling  of  doubled, 
tripled,  esid  more  complex  molecules  of  the  type  (H20)n. 

Of  these  peculiar  properties,  attention  was  long  ago  direc¬ 
ted  towards,  first  of  all,  the  anomalous  relationship  between  the 
density  of  wafer  and  temperature .near  the  melting  point.  It  is 


well  known  that  water,  as  distinguished  from  all  other  liquids, 
when  heated  from  0nC  to  4°C  does  not  expand  but  contracts, 
only  after  further  heating  above  this  temperature  does  it  ex:  *na 
UVe  other  liquids.  The  reason  for  such  a  variation  in  wete  dan- 
slty,  having  •  great  significance  In  nature  (it  causes,  amo>  -» 
other  things,  divers  and  lakes  to  freeze  from  the  top,  and  s*  '>t 
from  the  bottom),  was  long  ago  sought  by  attempting  to  fine  in  the 
formation  of  water  during  cooling  special  kinds  of  ice-forming 
molecules  of  lesser  density. 

Roentgen  was  the  first  to  develop  at  great  length  the  con¬ 
cept  of  two  kinds  of  moleeules  In  water.  According  to  tMs  con¬ 
cept,  during  cooling  of  water  there  develop  special  molecules  hav¬ 
ing  t-he  properties  of  ice  and,  therefore,  less  density,  and  thetfr 
number  increases  as  the  water  temperature  becomes  lower.  As  a 
conseouence,  the  Increase  In  (quantity  of  these  special  molecules 
•f  lower  density  appears  as  a  decrease  In  the  overall  density  of 
the  water,  is  water  is  cooled,  two  processes  take  place  simulta¬ 
neously:  the  usual  contraction  with  decreasing  temperature  and  a 
process-:  la  opposition  to  it.  an  expansion  due  to  the  Increase  In 
the  number  of  molecules  of  lower  density.  The  first  of  these 
processes  prevails  down  to  4®C,  and  the  second  below  4°C,  On 
the  boundary  of  these  tvo  temperature  regions,  therefore,  water 
density  Is  at  a  maximum.  At  lower  temperatures,  according  to 
Roentgen,  water  may  be  considered  as  a  solution  of  Ice  in  water. 
This  assumption  also  accounts  for  the  effect  of  pressure  on  the 
temperature  of  maximum  density,  on  the  freezing  point,  and  on 
woter  viscosity.  Roentgen  considered  It  useful  to  adept  the  same 
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view,  i.e.,  two  kinds  of  molecules,  in  relation  to  gaseous  and 
solid  substance j.  Such  a  proposition  was  later  confirmed,  at 
least  In  relation  to  substances  tending  towards  polymerisation  not 
only  in  the  liauid  state,  but  also  in  gaseous  and  solid  states. 

The  concent  of  the  forma ii on  of  complex  molecules  was  later  de¬ 
veloped  by  von  Laar,  Sutherland,  Duclaux,  and,  in  oartic- 

ular,  Tamaann,*  whose  opinions  and  recent  work  will  be  discussed 
1 

For  details  and  bibliography,  see  V.  Al'tberg,  Journal  of  the 
Central  Hydro-Heteorolegical  Bureau,  VTT ,  192?. 

later. 

The  interrelationships  among  molecular  weight,  composition, 
and  molecular  structure  and  the  physical  nronerties  of  gaseous 
substances  have  been  well-defined  in  the  kinetic  theory  of  gases. 
Less  is  knevn,  however,  otout  liGulds.  Whereas  the  behavior  of 
single  substances  In  gaseous  and  liauid  states  is  rather  well- 
described  by  the  well-known  theory  of  Van  der  Waals,  coming  from 
the  idea  of  continuity  of  both  states  and  the  assumed  invariabil¬ 
ity  of  the  molecular  structure  during  transition  from  one  stata 
to  another,  the  behavior  of  Other  substances,  with  their  transi¬ 
tion  Into  a  liquid  state,  does  not  agree  at  all  with  this  theory 
Their  behavior  does  not  qcree,  apparently  because  the  premise 
about  ♦•he  invariability  of  the  molecular  structure  for  these  sub¬ 
stances  is  not  applicable,  Inasmuch  as  liquid  molecules  during  tran 
sition  become  Comdex  and  associated.  Prom  this  point  of  view, 
liquids  may  be  divided  into  two  large  classes:  normal,  having  iden¬ 
tical  molecules  in  both  liquid  and  caseous  states,  and  anomalous. 


4 

or  associated  llouids,  the  molecules  of  which  in  the  liquid  state 
are  complex  and  represent  groups  of  simple  molecules.  A  coed  ex¬ 
ample  of  the  second  class  of  liquids  Is  water. 

In  order  to  solve  the  auestion  of  the  degree  of  molecular  com¬ 
plexity  ,  It  is  necessary  to  examine  the  interrelationships  between 
meleoular  weight  and  physical  properties  of  liquids.  One  of  these 
Interrelationships  between  surface  tension  (in  dynes),  molecular 
volume  ,  and  temperature  was  empirically  established  by  Edtvds  as 
early  as  1886.  In  th«  somewhat  altered  form  of  Bait  say  and  Shields, 
the  relationship  has  the  following  simple  fora: 


yv%*  =  k(r-J) 


,  (enu.l) 

where *T  Is  the  difference  between  observed  and  critical  tempera¬ 
tures,  d  »  a  number  close  to  6,  and  k,  the  temperature  coeffi¬ 
cient  of  molecular  energy  of  the  surface.  The  comprehensive  In¬ 
vestigations  of  Ramsay  and  3hlelds  confirm  the  correctness  of  the 
relationship  noted  by  Efltvds  and  demonstrate  that  the  coefficient 
k  for  the  majority  of  liquids  Is  constant-  and  eoual  to  2.12;  for 
water,  alcohol,  and  sold,  on  the  other  hand,  this  coefficient  Is 
less  (for  water,  as  an  example,  about  1).  for  satisfying  the 
formula  given,  as  oalculctlons  show,  must  allow  multiple  mo¬ 
lecular  weights,  as,  for  example,  (HgO)^,  (CJ^OH^,  etc. 

In  this  way  only  an  average  molecular  weight  is  Calculated; 
In  reality,  associated  liquids  may  exhibit  a  mixture  of  molecules 
with  Various  molecular  weights,  so  that  the  relative  quantities 
of  these  and  other  molecules  change  rather  easily  with  tempera¬ 
ture.  If  n  signifies  the  factor  of  associatlonf  showing  how 


many  times  the  molecular  weight  of  the  given  liouid  Is  greater 
than  the  molaouiar  weight  of  a  corresponding  usual  fc-rmula,  then 
for  water  the  dependence  of  this  factor  on  temperature  is  given  in 
Table  1: 

(Table  1) 

In  view  of  the  change  In  molecular  composition  during  chan¬ 
ges  in  the  aggregate  state,  associated  liquids,  especially  water, 
do  not  fit  at  all  into  the  framework  of  Van  der  Waals'  theory 
and  give  cause  for  an  entire  order  of  deviations  from  the  rules  and 
cnnformity  to  principles  established  for  normal  liquids  (the  rule 
of  Callletet  »md  natlae  ,  the  rule  of  Treuton,  the  conformity  to 
principle  concerning  the  oritical  density,  wMcn  for  water  ex¬ 
ceeds  by  3  to  4  times  the  magnitude  expected  theoretically), 

A  parallel  is  observed  between  the  association  of  molecules 
and  the  dielectric  constant  of  llouids:  as  the  association  of  mo¬ 
lecules  becomes  greater,  the  given  liquid  has  a  greater  dielectric 
constant.  In  addition  to  the  dielectric  constant,  a  favorable 
factor  for  the  association  of  molecules  is  the  increase  of  Internal 
liquid  pressure.  Both  of!. these  factors,  instrumental  for  the  as¬ 
sociation  of  molecules,  appear  especially  strongly  in  the  case  of 
water,  which  has  a  maximal  dielectric  constant  (80)  and  colossal 
Internal  pressure,  measuring  tens  of  thousand s  of  atmospheres. 

The  foregoing  indicates  the  strong  tendendy  of  water  towards 
association  of  its  molecule j,  whose  complex  character  is  also  In¬ 
dicated  by  Its  hitfMy  complex  absorption  spectrum,  consisting  of 
multiple  bands  which  characterize  the  Inherent  oscillations  of 


various  parts  of  a  cowrie"  molecule.  Still  another  anomaly  of 
water  (see  below)  Is  anomalous  dispersion,  which  ?s  especially 
marked  in  the  case  of  water. 

Of  other  substances  which  illustrate  well  the  strong  asss* 
elation  of  atoms,  sulfur  may  be  cited,  vapors  of  which  at  a  tem¬ 
perature  of  1000°C  are  2 -atom,  at  lower  temperatures  4-stom,  and 
near  the  point  nf  condensation  even  8-atom. 

Other  characteristic  properties  of  water  to  be  noted  are 
Its  string  dissociating  (thinks  to  the  si gnlf leant  dielectric  con¬ 
stant  of  water)  and  dissolving  abilitites  and  also  its  unique 

catalytic  offect  in  m«»ny  chemical  reactions,  so  that  water  is  in 

2  ' 

a  sense  <»  universal  catalyst,  playing  a  large  role  in  nature. 

2 

S.A.  Shchukarav,  "Report  on  scientific-technical  work  in  the 
Republic",  p.145,  Issue  No.  XXII,  1927. 

Moreover,  water  is  also  sharply  'distinguished  froe  all  other 
liquids  by  a  very  high  mobility  nf  its  free  ions: 

+ 

H  =  313,  and  OH  «  174.  (ecu. 2) 

^or  other  liquids  the  movements  of  ions  compose  in  all  several 
tens  of  the  same  units. 

Much  new  data  on  the  structure  of  water  in  a  solid  state 
h«s  been  Introduced  bv  the  investigations  of  Tammann  and  Bridg¬ 
man.  At  first  Tammann  discovered  two  new  tyres  of  i°®»  which 
he  called  Types  II  and  III  (Type  I  is  ordinary  Ice).  Compressing 
ordinary  1c©  at  -30  C,  he  discovered  that  at  a  pressure  of  2500  kg/cm 
the  pressure  oulcklv  falls  to  2200,  during  which  the  volume  of  water 
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decrease*  by  almost  20^,  after  which  the  pressure  remains  con¬ 
stant  ^or  some  time.  During  such  a  decrease  in  volume*  6n4inary 
Ice  becomes  more  dense,  Tyne  III,  which  is  denser  than  water.. 
Submerged  in  liquid  air,  it  sank,  whereas  Type  I  floated  in  liq¬ 
uid  sir,  Tammann  once  obtained  what  seemed  to  be  yet  another 
version  -  Typ*  XV.  Its  existence,  however,  remains  doubtful,  In¬ 
asmuch  as  no  one,  not  even  Tammnnn  himself,  was  able  to  create 
this  tyoe  «  second  tlmo. 

Tammann  conducted  these  experiments  at  pressures  up  to 
3000  atmospheres.  Bridgman  went  much  further,  namely  to  20,670 
atmospheres  and  discovered  two  more  new  kinds  of  ice.  Types  V  and 
VI.  Curves  of  the  melting  of  various  Kinds  off ice,  according  te 
Bridgman* 8  dataware  given  In  Pig.  1. 

Flg.l.  Curves  of  the  melting  of  various  types  of  ice.  ' 

Keys  1 -kg/cm  . 

Of  oil  tynes  of  ice,  only  Type  I,  as  opposed  to  all  other 

i 

substances,  has  a  melting  point, which  decreases  with  Increasing 
pressure*  for  all  ether  *-ypos,  the  melting  r>oint  Increases  ner- 
mally,  reaching  76.35°C  at  a  pressure  of  20,670  kg/cm2.  At  such 
a  high  pressure  genuine  hot  Ice  is  formed. 

The  conclusions  of  Bridgman  concerning  the  theory  of  liquid 

end  solid  states  are  Interesting.  There  are,  as  is  well  known,  two 

'  1 

such  theories,  of  which  the  first  (Planck,  Poyntipg,  Ostwald, 
and  others)  considers  that  continuous  transformation  of  the  liquid 
phase  into  the  solid  is  possible  when  the  process  takes  place 
above  the  critical  point.  The  second  theory  (Damien,  Tammann) 
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does  net  reoognize, In  general, the  existence  of  critical  point?  for 
liquid  and  solid  states.  Liquid  and  gets*  according  to  Tammann,  are 
distinguished  «nly  quantitatively,  by  the  distance  between  mole- 
cules.  The  solid  state  is  distinguished  from  the' first  two  states 

l  « 

by  the  oriented  distribution  of  molecules  In  space,  as  In  a  cry¬ 
stalline  lattice. 

i 

Instead  of  the  theory  of  critical  pdnts,  Tammann  proposes 
the  theory  of  maxim*  for  closed  melting  curves.  The  lnvestiga- 

I  i 

felons  or  Bridgman,  however,  show  that  the  curves  of  melting  do 
net  show  the  existence  of  maxima,  despite  the  /act  that  the  re- 

i 

alb*  of  applied  pressure  significantly  exceeded  those  limiting 
i  pressures  at  which  the  curves  of  melting  should  hove,  according 
to  the  theory „  passed  over  the  maximum.  In  fact,  the  investiga¬ 
tory  curves  of  Bridgman  go  to  Infinity  according  to  an  unknown 

I  I  ! 

law.  Neither  of  the  two  theories  referred  to  found  confirmation 

,  i 

in  the  Important  investigations  of  Bridgman,  who,  therefor®,  sum- 

i 

marlly  rejected  both  theories.  His  idea,  founded  on  his  experi¬ 
ments^  led  to  the  fact  that  at  hlgn  pressures,  molecules  of  a 
liquid  can  assume  a  definite  orientation,  so  that  some  molecules 
have  *n  oriented  structure,  wMls  the  other  molecules  exhibit 
r«ndrt»  end  disorganized  motion.  As  pressure  is  increased,  those 
parts  of  the  water  'With  oriented  atoms  grow  in  number  and  s.tz©, 
continually  absorbing  more  and  more  atoms  until  all  water  atoms 

S  '  1 

become  oriented 5  i.e.,  until  all  or  the  water 

/ 

change®  into  th^  solid  state.  Indeed,  Bridgman  was  able  with  an 
increase  in  pressure  alone  without  simultaneous  cooling  of  th© 

1  ‘  I  > 

■  wf/tfr  to  transform  It  into  the  solid  state  at  ♦  ©mu® rat  u'©8  slg- 
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nifieantly  higher  than  the  freezing  point.  Thus,  at  a  rreasume 
of  ?0,otn  atmospheres  even  hs+  water  at  a  temperature  of  +?6®C 
changes  i»t©  ice,  hot  ice.  Also,  liquid  oils  can  he  transformed 
into  the  solid  state  by  hiph  pressure  alone. 

In  connection  with  the  question  as  to  fohat  molecules  trans¬ 
form  the  above-mentioned  types  of  ice  (T,  II,  III,  V,  and  VI), 
Taimrraitri  categorically  states  that  the  formation  of  each  type  de¬ 
pends  on  a  special  kl.jd  of  molecule  coi responding  to  that  type 
which  is  present  in  the  liquid  long  before  crystallization.  Ac¬ 
cording  te  this  opinion,  water  is  a  mixture  of  several  kinds  cf 
molecules,  eech  of  which  under  appropriate  conditions  produces  a 
corresponding  type  of  ice. 

The  opinions  of  Tammonn  on  the  structure  of  water  are  sta¬ 
ted  in  more  detail  in  one  of  his  recent  papers-^  whioh  we  will  new 

3 - - - 

G.  Tammann,  Zeitschr,  f.  anorg.  Chora.,  158,  1926,  3.1. 

oonslder  in  greater  detail.  According  to  Ts.mmann,  ordinary  ice 
develops  from  Type  I  molecules  which  are  more  numerous  than  all 
other  tyres.  In  water  they  are  formed  long  before  crystalliza¬ 
tion,  but  their  ouantlty  Increase  is  especially  great  near  the 
solidification  point  of  the  given  type  of  Ice,  ‘J'hett  presence  ex¬ 
plains  the  anomalous  behavior  of  th^  density  of  water  between 
0°C  and  4*C.  With  the  discovery  of  special  types  of  ice  having 
a  greyer  density  than  water,  this  opinion,  expressed  long  ago, 
received  new  confirmation.  As  water  is  subjected  to  incress-'ng 
pressure,  the  ouantlty  of  Type  I  molecules  decreases  and  crystal¬ 
lization  Is  not  In  the  form  of  ordinary  Type  I  lee,  but  in  the 
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form  of  Type  III  ice.  This  type  Is  denser  than  water  and  con¬ 
sists  of  Type  III  molecules  which  »re  more  dense  than  Tyne  I. 

The  presence  In  water  of  Tvpe  I  molecules  explains  the  ano¬ 
malous  character  of*  the  dependence  of  all  properties  on  pressure 
and  temperature,  so  that  the  concentration  of  Type  I  molecules  may 
he  expressed  as  a  function  of  pressure  and  temperature.  Calcu¬ 
lations  show  that  at  a  temper  ture  of  0°C  and  pressure  p=l  at¬ 
mosphere  about  1/5  of  the  water  consists  of  molecules  of  this 
c 

type.  At  50  0  their  concentration  is  much  less. 

Molecules  in  water  other  than  Type  I  are  much  more  diffi¬ 
cult  to  identify  and  distinguish. 

Tammann  determined  the  concentration  of  Type  I  molecules 
fmm  curves  of  the  relationship  between  the  specific  volume  and 
temperature  of  wafer  at  constant  pressure  p=l  (Fig.  ?). 

Fla.  °.  Specific  volume  of  water  vs.  temperature. 

Keys  1-a 

2- b 

3- c 

4- d 


In  the  t.omperature  region  between  10n°C  and  ?0°C  this  re¬ 
lationship  is  almost  a  straight  line,  with  a  very  low  constant 

o  o 

curvature  (0.006  In  10  C).  Beginning  with  70  C  the  curvature  be¬ 
comes  greater  with  lower  tempaatures  due  to  m  increasing  concen¬ 
tration  of  Type  I  molecules.  If,  beginning  at  70°  0,  the  upper 
portion  of  the  curve  i3  continued,  it  will  retain  its  earlier 

low  curvature  (0,006  in  10°  0),  and  the  quantity  of  water 

•  • 

O  X 

(without  Tyne  I  moleculeo)  at  0  n  is  o.ouq  cm. 

Considering  t^at  the  quantity  of  ice  at  the  same  temperature 
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1??  1.090  cm  ,  upon  transformation  of  water  Into  lee  there  is  f *  vol- 

3 

umetrlo  'inerease  of  0.090  cut  . 

Proceeding  from  these  data,  Tammnnn  found  the  following 
di  Ctrl  but  ion  of  concentration  C  of  Tyre  I  molecules  at  various 
temperatures  In  one  gram  of  water: 

(Table  2) 

At  t  =  0°;  10°;  20°;  30°;  40° 

Concentration  C  -  0,15;  0,12;  0,08;  0,06;  0,04  in  one  gram  of  water 

The  concentration  of  the  remaining  four  tyres  o^  molecules, 
from  which  the  above-mentioned  four  stable  ’'inds  of  joe  are 
formed,  also  depends  on  r  and  t.  Fear  the  neltinp  roint  of 
each  of  these  types  of  ice,  water  is  relatively  rich  in  that 
t.vre  from  which  a  corresoondinp  tvne  of  ice  will  he  formed. 

All  five  tyres  of  molecules  exist  in  mutual  equilibrium,  and 
durinp  chanpes  of  t  and  p  the  conditions  of  equilibrium  are 
ranidly  displaced, 

Latar  Tammann  determined  the  dagree  of  polymerization  of 
Type  I  molecules  and  found  their  chemical  formula  ta  ba  (H^O)^, 

The  division  of  these  enlarged  molecules  Into  2  parts  —  (H2°)3  + 
(H?0)^  —  gives  that  kind  of  molecule  from  which,  for  the  most 
part,  water  is  formed.  The  nresence  of  Type  I  molecules  appears 
net  only  as  an  anomalous  relationship  between  the  specific  volume 
and  temperature  of  water,  but  also  in  the  unlaue  effect  of  temper¬ 
ature  ew  other  suoh  physical  properties  as  specific  heat,  viscos¬ 
ity,  surface  tension,  and  others.  We  will  now  turn  to  the  temper¬ 
ature  changes  of*  several  of  these  properties. 

Viscosity  of  water.  Figure  3  shows,  at  three  dlffer- 

?*. «,  3.  Effect  of  rmessure^ on  the  viscosity  of  water. 

Key:  1-F,  kg/cro^1 

o  o 

awt:  tamneraturen _ ( 0°C _ Pft  C. _ and _ 40  C ) _ three  ftiirgea  S  wd  1  rati  tag  l- ha _ 
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affect  of  pressure  on  viscosity  of  water  (circles)  «nd  on  friction, 
duo  to  Ion  movement  in  a  0.1  normal  solution  (crosses).  Both 
icings  of  curves  are  congruent  within  the  limits  of  observational 
error  in  the  interval  from  p=l  to  p=?00  kg/cm^.  Minima,  occurring 
In  nil  three  isotherms,  are  explained  as  the  consequence  of  a  de¬ 
crease  In  the  cancentration  of  Type  I  molecules  according  to  the 
degree  of*  pressure  Increase.  Between  0°cand  4o°cthe  relationship 
Is  linear  at  pressures  above  2200  kg/cra  ,  In  accordance  with  the 
coition  that  at  high  pressures  water  has  very  few  Type  I  mole¬ 
cules.  It  also  follows  that  at  pressures  above  2400  kg/cm^  only  Type 
III  Ice,  and  not  Type  Informs  in  water.  Inasmuch  as  the  concen¬ 
tration  of  Type  I  molecules  decreases  with  t,  the  minimum  relative 
viscosity  becomes  less  In  slope  and  Is  displaced  to  lower  pres¬ 
sures.  With  the  disappearance  of  Type  I  molecules  between  50°C 
and  60°C,  as  Indicated  by  the  volumetric  Isobar  of  water,  there 
also  disappears  the  minimum  on  the  viscosity  Isotherm,  which  be¬ 
gins  at  ones  to  increase  without  an  initial  decrease. 

The  effect  of  Type  I  molecules  on  viscosity  may  be  demon¬ 
strated  aa  follows;  the  straight  sections  of  the  isotherms  are 
extended  to  intersect  with  the  ordtnetes„  The  differences  between 
the  1 sotherms;  end  the  lines  thus  drawn  indicate  the  *ffedt  of 
Type  I  molecules  on  viscosity, 

A  general  analysis  of  the  physical  properties  of  water 
shows  that  their  temperature  relationships  at  high  temperatures 
are  simple  and  normal.  Deviations  for  all  properties  of  water 
begin  at  medial  temperatures  an^  Increase  with  lower  temperatures. 

A  more  satisfactory  explanation  of  these  anomalies  is  included  in 
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the  assumption  that  in  water,  ns  already  noted,  there  is  formed 

In  great  auantity  a  special  kind  of  molecule.  The  temperature 

region  of  Its  existence  lies  between  50°C  and  the  melting  point 

of  Ice,  and  the  pressure  range  within  which  these  molecules  exist 

2 

Is  from  0  to  2500  kg/cm  ,  Type  I  Ice  Is  formed  from  these  mole¬ 
cules,  whose  formula  is  (H?0)^,  The  dissociation  such  »  mol¬ 
ecule  into  two  pnrts  forms  those  molecules  that  are  the  main  consti¬ 
tuent  of  water  and  have  the  ,'ormula  (^0)3. 

If  experimental  data  pertaining  to  the  structure  of  liquid 
water  has  na  straight  lines,  then  the  presence  ef  several  kinds  ©f 
molecules  Is  Indicated.  In  such  a  situation  It  Is  necessary  to 
draw  conclusions  on  the  basis  of  indirect  data.  The  study  af 
water  in  the  solid  state  and  Its  crystalline  structure  Is  now  con¬ 
siderably  facilitated,  inasmuch  as  the  X-ray  method  from  the  time 
of  Laua's  discovery  has  provided  us  with  a  powerful  instrument 
for  determining  *he  structure  of  substances.  During  the  study  of 
the  structure  of  solid  substances  the  above-mentioned  method  gave 
the  mos*-  brilliant  results,  ''nd  promises  for  the  future  even 
greater  usage  apd  a  more  refined  technique  for  study.  In  recent  times 
this  method  has  also  been  applied  to  the  study  of  the  structure 
of  liquids,  and  In  the  near  future  will  be  applied  to  the  study 
of  gases  and  vapors. 

Per  the  study  of  the  structure  of  Ice  the  X-ray  method  was 
first  used  by  John,  then  by  Denison,  The  former  found  in  Ice  a 
space  lattioe  competed  o'*  orthogonal  prisms  of  height  h=6.65  ang¬ 
strom  units  (AU),  with  collateral  triangles  in  the  base,  a  side 


of  whi ch  1 8 
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a  =  4.74  AU.  (equ,3) 

Ice  for  the  experiments  of  Deetten  was  piaoad  into  a  Dewar 
flask  with  liquid  air  by  means  of  a  submerged  glass  tube,  holding 
a  small  Quantity  of  distilled  water.  Ice  in  the  form  of  small 
crystals  was  exposed  to  X-rays  for  ten  hours.  Denison  found  the 
lattice  structure  to  be  similar  to  that  determined  by  John,  with 
the  following  prism  dimensions: 

h  =  7.32  AG,  and  a  =4,5?  AU.  (equ.4) 

Neither  of  these  investigations,  however,  determined  the 
actual  distribution  of  atoms  In  the  lattice.  This  was  done  by 
Bregg  with  X-ravs  independently  of  a  direct  analysis.  Bragg 
started  with  the  assumption  that  ice  belongs  to  that  class  of 
crystals  in  which  the  molecules  consist  of  positive  and  negative 
l^ns,  and  that  the  structural  arrangement  is  such  that  each  pos¬ 
itive  Ion  is  symmetrically  surrounded  by  negative  ions,  and  vice 
versa.  In  this  way,  the  number  of  adjacent  molecules  is  less, 
since  it  is  well  known  that  Ice  has  a  low  density.  Such  a  wide 

compass  of  space  with  a  minimum  of  closely-contiguous  molecules  is  pos- 

» 

sible  if  the  exvgen  atom  Is  placed  in  the  renter  of  gravity  of 
four  other  such  atoms,  arranged  in  the  vertices  of  a  tetrahedron,  sim¬ 
ilar  to  the  arrangement  of  carbon  atoms  la  a  diamond  lattice. 

One  hydrogen  atom  Is  located  in  each  interstice,  thus  dividing 
two  neighboring  oxygen  atoms.  Such  a  structure  requires  twice 
as  many  hydrogen  atoms  as  are  required  by  the  chemical  formula  of 
a  water  molecule. 

The  bonding  of  atoms  in  the  crystal  occurs  in  such  a  way 
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that  the  hydrogen  ions  give  up  their  valence  electrons  to  the  oxy¬ 
gen  tons.  If  the  force  holding  atoms  In  the  crystal  is  viewed  in 
thlr,  way,  the  concent  of  a  molecule  loses  its  significance.):  the 
entire  crystal  may  be  considered  a  single  huge  molecule. 

The  dimensions  of  the  lattice  elements  of  ice  can  be  deter¬ 
mined  by  means  of  comparison  with  the  analogous  structure  of  the 
lattice  elements  of  diamond.  Oxygon  atoms  are  substituted  for 
carbon  atoms  and  all  hydrogen  *  toms  are  removed  J  although  the 
molecular  weight  of  a  lattice  element  of  ice  is  greater  than  that 
of  diamond  in  the  ratio  of  18:12,  the  density  of  ice  is  less  than 
the  density  of  diamond  in  the  ratio  of  0.9165:3. 52»  Therefore, 
the  linear  dimensions  of  the  Ice  lattice  should  be  greater  than 
those  of  diamond  by  the  ratio 

1  :p. 

For  volumetric  expansion, 

p3  *  18X3. 52  ,  (equ.5) 

“12X0. 91  <>5/ 

so  that  tho  linear  expansion  p=1.79. 

The  distance  between  centers  of  the  two  oxysren  atoms  In  diamond 
1.54.  Multiplying  this  by  the  coefficient  of  expansion  p  found 
above,  we  get  for  the  distance  between  centers  of  the  two  oxygen 
atoms  1.54X1.79  =  2.76.  The  distance  between  two  adjacent  basal 
planes  in  diamond  is  2.05;  the  corresponding  distance  for  Ice  is 

2.05  X  1.79  =  3.67. 


Finally,  the  distance  between  the  two  atoms  located  in  one  of  the 
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above-mentioned  planes  1 5? s 

for  diamond  2.5P', 
for  ice  ?.*;?  X  l.?Q  =  4.52. 

Dimensions  of  the  Ice  lattice  obtained  independently  by  the 
X-ray  method  agree  in  accuracy  with  the  dimensions  obtained  by 
Deni8*«  with  the  X-ray  method,  if  it  is  taken  inte  account  that 
the  height  of  DenSSow's  prism  is  equal  to  twice  the  distance  be¬ 
tween  two  nd  lacent  planes  (HI). 

In  order  to  clearly  vlsuali7e  the  distribution  of  atoms  in 
the  ioe  snace  lattice,  we  shall  use  a  flat  diagram  and  model  to 
renresent  the  spatial  structure  of  this  hexagonal  crystal.  Fi¬ 
gure  4  shows  the  arrangement  of  oxygen  (white)  and  hydrogen 

Fig.  4.  Schematic  arrangement  of  oxygen  (white  circles)  and  hy¬ 
drogen  (black  circles)  atoms  In  an  ice  crystal. 

black)atoms  in  a  region  cut  parallel  to  the  base  of  the  crystal. 
The  black  spheres  are  located  in  the  plane  of  the  diagram,  the 
larger  wMte  spheres  are  in  rront,  and  the  smaller  white  spheres 
are  In  babk,  behind  the  plane  of  the  diagram. 

In  order  to  construct  a  complete  model  it  is  necessary  to 
prepare  several  such  structures,  niacin?  them  parallel  to  each 
other  so  that  lower  white  spheres  of  tv><»  upner  structure  faCe 
tno  unper  white  spheres  or  the  lower  structure.  The  black  spheres 
are  placed  between  the  aforementioned  spheres.  Havinar  connected 
the  parallel  structures  with  the  black  spheres,  an  entire  model 
of  an  ice  crystal  can  thus  be  v’ snail  zed .  It  would  be  possible 
to  construct  the  model  in  nnbbher  fashion,  by  assembling  it  from 
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the  simple  prisms  of  Denison  and  Bregg  {Figs.  5a  and  5b)  into  the 
form  of  a  single  cell,  cut  from  the  model  without  the  spheres. 

Fig.  5.  Schematic  arrangement  ef  oxygen  -(white  circles)  and  hy¬ 
drogen  (black  circles)  atoms  la  an  Ice  crystal. 

Having  assembled  the  spheres,  we  now  have  an  arrangement  of 
atoms  In  a  simple  prism  of  a  lattice  with  absolute  spacing  between 
the  centers  of  the  atoms  (Fig.  5b),  as  determined  by  X-ray  (John  and 
Deni  sen)  and  by  comparison  with  the  aliments  of  a  diamond  lattice 
(Bregg).  Such  a  model  was  prepared  under  our  direction  in  the 
Department  of  Experl i>ent«l  Geophysics  of  the  Main  Geophysical  Ob¬ 
servatory  and  Is  shewn  In  the  photograph  (Fig.  6). 

Fig.  6.  Model  ef  an  Ice  crystal. 

The  model  shows  that  the  molecule  Is  characterized  by  a 
non-compact  structure  -  the  model  has  many  vacant  spaces  unoccu¬ 
pied  by  molecules.  This  explains  the  lew  density  of  ice  (less 
than  .oat  of  water),  and  It  graphically  demonstrates  the  results 
of  Bregg's  above-mentioned  calculations. 

Thus,  the  X-ray  method  provided  consistent  and  accurate  de¬ 
terminations  of  the  absolute  distances  between  atoms,  their  posi¬ 
tions  In  crystals  in  general  and  in  ice  crystals  in  particular. 

A  further  step  in  this  direction  was  taken  by  Debye  and  Sherer, 
who  used  this  method  to  study  the  structure  of  nowder  crystals, 
isotropic  substances,  and  later,  liquids.  The  use  of  this  method 
Is  possible  because  molecules  of  an  isotrorlc  substance,  like  those 
of  a  liquid,  can  be  considered  as  minute,  individual  crystals 
which  produce  interference  circles  in  the  beam  of  a  bright-line 
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X-r«y  spectrum i  «1  though  the-  small  number  of  atoms  will  cause  a 
reduced  sharpness  In  the  circles. 

X-ray  analyses  of  such  liquids  as  benzene,  hexane,  and  alco¬ 
hols  revealed  an  Interference  patternsof  circles,  the  dimensions 
of  which  srenerally  corresponded  to  theoretical  expectations.  For 
benzene  in  particular  fc^ese  Investigations  confirm  with  some  ac¬ 
curacy  the  assumption  or  chemists,  according  te  whom  benzene 
molecules  have  six  carbon  atoms  arranged  in  a  circle.  Such  a 
circular  arrangement  is  analogous  to  that  of  the  ice  crysti.1 
mentioned  above.  An  investigation  nf  water  by  the  same  method 
resulted  In  o  similar  s^arp  Interference  pattern  of  circles,  de¬ 
monstrating  that  sode  water  molecules  axe  oriented  in  the  same 
way  as  those  in  crystals. 

Later,  similar  experiments  with  liquids  were-  conducted  by 
Keas,  who  proceeded  on  the  assumption  that  all  molecules  are 
spaced  at,  regular  Interval*.  He  showed  that  by  proceeding  in  this 
manner  the  results  obtained  are  In  Rood  apree^ent  with  theoreti¬ 
cal  expectations.  His  calculations  were  based  on  density  and 
melecular  welerht  of  tha  liquid  according  to  the  following  fernrn- 


The  results  thus  obtained  for  liquids  and  liquified  gases 
are  Riven  in  TaMe  3.  Ir  the  second  column  are  listed  values  for 

Table  3.  Key;  1-Llould  7-Ethyl  ether 

7-0ryRen  8-Formic  acid 

3- Argon  9-observed 

4- Benzene  10-cAlioulated 

5- Wuter  11-AU 

6- Ethyl  alcohol 
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| 

the  angle  ¥  »t  which  the  interference-pattern  circles  were  observed. 

The  third  and  fourth  columns  give  the  distances  between  molecules 
as  determined  fro®  the  circle  dimensions  and  formula  respectively. 

It  is  noteworthy  that,  in  the  case  of  water,  a  second  in¬ 
terference-pattern  circle  was  observed  at  an  angle  'f  of  46®. 

This  same  angle  was  definitely  observed,  although  more  faintly, 
for  both  Mould  ©vygen  and  argon.  This  demonstrated  the  presence 
In  liquids  of  double  molecules,  separated  by  the  closer  spacing 
of  a=?.4  AU.  Such  a  polymerization  demonstrated  the  polar  charac¬ 
teristic  of  water. 

Similar,  more  recent  experimental  investigations  on  the 
structure  of  Moulds  by  Dabye,  Pemik,  and  Prins  were  thus  provided 
with  a  firmer  theoretidal  foundation.  The  results  of  these  in¬ 
vestigations  were  published  almost  simultaneously  in  192?  in  Ger¬ 
man  physics  Journals. 

There  is  no  doubt  tha*-  the  atoms  not  only  of  crystals  but 
also  vf  Moulds  and  gaseous  substances  occupy  definite  locations 
in  the  molecules.  Some  variations  In  spacing  due  to  thermal  oscil¬ 
lation  of  the  atons  must  be  allowed.  These  variations  are  not  large 
however,  since  they  probably  do  not  exceed  second-order  val¬ 
ues.  There  Is  no  basis  for  assuming  that  atoms  In  Mould  molecules 
appear  other  than  In  crystalline  form  -  the  same  form  which  con¬ 
stituted  the  structure  of  molecules.  It  Is  expected  tt'at  an  X-ray 
analysis  of  gases  and  vapors , schedul ed  for  the  near  future,  will 
yield  especially  reliable  results. 
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Accord  inf*  to  Brer*7,  water  in  the  sol’d  st^te  consis+s 
of  couded,  six-sided  rings,  end  havin'7  six  oxygen  atoms  and 
1?  hydrogen  ato-’S.  Armstrong,  on  the  otver  ha^d ,  nronoses  that 
liquid  water  consists  o*  associated  molecules,  also  in  the  iorm 
of  six-sided  rin^s  similar  to  those  of  "benzene.  Bridgman  con¬ 
cludes  from  his  experiments  at  high  pressureu  that  the  crystal¬ 
line  orientation  of  some  atoms  of  water  is  evident,  inasmuch  as 
sharp  interference-pattern  circles  were  observed  during  X-ray 
analysis. 

With  this  state  of  affairs,  the  idea  suggests  itself  that 
Bregg’ s  firmly-established  six-sided  lirtlcs  in  the  lattice  of  ice, 
which  consist  of  six  oxygen  and  12  hydrogen  atoms  and  occupy  a 
lar<~e  volume,  and,  therefore,  form  a  less  dense  structure,  are 
simply  those  same  complex,  ice-forming  molecules  in  water 
described  by  Tammann,  Duclaux,  and  Armstrong.  There  is  no  direct 
evidence-  as  to  these  two  Comdexes  being  identical,  but  there  is 
much  data  indicating  the  great  probability  of  such  an  assumption. 
Future  investigations  will  undoubtedly  resolve  this  question, 
important  for  understanding  the  structure  and  properties  of  water. 
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